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(57) Abstract: An ultrananocrystalline diamond (UNCD) clement formed in a cantilever configuration is used in a highly sensitive, 
ultra-small sensor lor measuring acceleration, shock, vihration and static pressure over a wide dynamic range. The cantilever UNCD 
clement (16) may he used in combination with a single anode, with measurements made either optically (20) or by capacitance 
(34). In another embodiment, the cantilever UNCD element (78) is disposed between two anodes (80, 82), with DC voltages (VI, 
V2) applied lo the two anodes. With a small AC modulated voltage (90) applied to the UNCD cantilever element and because 
of the symmetry of the applied voltage and the anode-cathode gap distance in the Fowler-Nordheim equation, any change in the 
anode voltage ratio VI/V2 required to maintain a specified current ratio precisely matches any displacement of the UNCD lever 
from equilibrium. By measuring changes in the anode voltage ratio required to maintain a specified current ratio, the deflection of 
the UNCD cantilever clement can be precisely determined. By appropriately modulating the voltages applied between the UNCD 
cantilever and the two anodes, or limit electrodes, precise independent measurements of pressure, uniaxial acceleration, vibration 
and shock can be made. 
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ULTRANANOCRYSTALLINE DIAMOND CANTILEVER WIDE 
DYNAMIC RANGE ACCELERATION/VIBRATION/PRESSURE SENSOR 
CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this invention pursuant to 

Contract No. W-31-109-ENG-38 between the U.S. Department of Energy and The 

University of Chicago representing Argonne National Laboratory. 

FIELD OF THE INVENTION 

This invention relates generally to ultranocrystalline diamond (UNCD) 

structures and is more particularly directed to UNCD structures for use in sensors 

and other devices with special application for highly sensitive, ultra-small devices 

such as used in micro electro mechanical systems. 

5 BACKGROUND OF THE INVENTION 

Micro electro mechanical systems (MEMS) cantilever sensors are used 

as detectors in shock and acceleration sensors. One common application of a 

MEMS detector is in the activation of air bags in vehicles. The MEMS detector is 

typically made of silicon because of the availability of surface micromachining 

10 technology. However, these devices have limited dynamic range because of the 

limited flexural strength of silicon. If the cantilever deflection exceeds the elastic 

limit of silicon, the cantilever structure breaks. Moreover, the tribological properties 

of silicon are such that it has a tendency to adhere to surfaces with which the 

cantilever beam comes into contact. In addition, the silicon is subject to high 

15 friction and wear in applications involving sliding and rolling contact. Because of 

these characteristics of silicon, these cantilever structures are normally limited to 

simple on-off switches such as in the aforementioned vehicular air bag application, 

rather than having application to a broad range of measurement devices. 
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The present invention addresses the aforementioned limitations of the 
prior art by providing a miniature, highly sensitive ultrananocrystalline diamond 
structure for use in a sensor having a wide dynamic range which is adapted for use 
in a wide range of applications. 

OBJECTS AND SUMMARY OF THE INVENTION 
Accordingly, it is an object of the present invention to provide an 
ultrananocrystalline diamond (UNCD) structure for use in sensors and other 
devices such as in micro electro mechanical systems (MEMS). 

It is another object of the present invention to provide an ultra-small 
sensor, and a method of fabrication therefor, for precisely measuring acceleration, 
shock, vibration and static pressure over a wide dynamic range. 

A further object of the present invention is to provide a highly sensitive, 
miniature sensor and associated circuitry which is particularly adapted for use in 
atomic force microscopy. 

Yet another object of the present invention is to provide a sensor having 
a wide dynamic range which can be used in a wide variety of applications such as 
in, for example, explosive shock sensors, pressure/vibration transducers for aircraft 
and space vehicles, acceleration sensors/feedback devices for air and ground 
vehicles, and data-logging applications. 

A still further object of the present invention is to provide a sensor 
capable of the simultaneous detection of and discrimination between vibration and 
acceleration. 
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The present invention contemplates a sensor for measuring an 
acceleration, vibration or pressure, the sensor comprising a substrate having a 
general flat surface; an ultrananocrystalline diamond (UNCD) element having first 
and second opposed ends, wherein said UNCD element undergoes deflection from 
5 an equilibrium position in response to acceleration, vibration or pressure; a 

mounting member disposed between and coupled to the substrate and the first end 
of the UNCD element for attaching the UNCD element to the substrate in a 
cantilever manner, wherein the second opposed end of the UNCD element is 
deflected from the equilibrium position toward or away from the substrate in 
10 response to an acceleration, vibration or pressure; and a detector coupled to the 

UNCD element for measuring deflection of the UNCD element from the equilibrium 
position, wherein the deflection represents an acceleration, vibration or pressure 
experienced by the UNCD element. 

BRIEF DESCRIPTION OF THE DRAWINGS 
15 The appended claims set forth those novel features which characterize 

the invention. However, the invention itself, as well as further objects and 
advantages thereof, will best be understood by reference to the following detailed 
description of a preferred embodiment taken in conjunction with the accompanying 
drawings, where like reference characters identify like elements throughout the 
20 various figures, in which: 

FIG. 1 is a simplified combined block and schematic diagram of an 
ultrananocrystalline diamond cantilever sensor arrangement in accordance with 
one embodiment of the present invention shown in combination with both an 
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interferometric measurement arrangement and an electrical circuit measurement 
arrangement; 

FIGS. 2a -2e illustrate the sequence of steps involved in fabricating a 
free-standing ultrananocrystalline diamond cantilever sensor arrangement in 
5 accordance with one aspect of the present invention; 

FIGS. 3a, 3b and 3c are electron micrographs of an ultrananocrystalline 
micro electro mechanical system strain gauge fabricated in accordance with the 
aspect of the present invention shown in FIGS. 2a-2e; 

FIG. 4 is an electron micrograph of a released nanocrystalline diamond 
10 cantilever structure for use in a sensor in accordance with the present invention; 

FIG. 5 is a simplified schematic diagram of a sensor circuit incorporating 
a nanocrystalline diamond cantilever element in accordance with the present 
invention; 

FIG. 6 shows graphically the variation of field emission current density 
15 calculated using the Fowler-Nordheim equation as a function of deflection of the 

nanocrystalline diamond cantilever structure such as in the sensor circuit shown in 
FIG. 5; 

FIG. 7 is another embodiment of a nanocrystalline diamond cantilever 
structure in a sensor circuit in accordance with the present invention incorporating 
20 two anodes with each anode disposed on a respective side of a nanocrystalline 

diamond cantilever structure; 

FIG. 8 is a graphic representation of the variation of total current 
collected by the two anodes in the sensor circuit of FIG. 7 as a function of the 
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variation in the ratio of separation, or displacement, between the two anodes and 
the nanocrystalline diamond cantilever element; 

FIG. 9 shows graphically the magnitude of the displacement signal w as 
a function of nanocrystalline diamond cantilever element displacement from the 
5 equilibrium position; and 

FIG. 10 is a simplified schematic diagram of another embodiment of a 
nanocrystalline diamond cantilever sensor arrangement in accordance with the 
present invention incorporating a flexible membrane which is particularly adapted 
for pressure and shock wave measurements. 
l0 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Diamond is a superhard material of high mechanical strength and 
thermal stability. Table I presents a comparison of selected properties of silicon 
and diamond. From Table I, it can be calculated that the projected wear life of 
diamond micro electro mechanical systems-moving mechanical assemblies 
15 (MEMS-MMAs) is on the order of 10,000 times greater than that of silicon. Studies 

of the tribo-oxidative properties of diamond indicate that diamond may perform 
significantly better than silicon and SiC in applications involving sliding/rolling 
contact in oxygen-containing atmospheres at temperatures up to 950°C. However, 
as the hardest known material, diamond is notoriously difficult to fabricate. Thin 
20 film methods offer a logical approach to the fabrication of ultra-small diamond 

structures, but conventional chemical vapor deposition (CVD) methods produce 
diamond films having large grain size, high internal stress, poor intergranular 
adhesion, and very rough surfaces. As a result, conventionally produced diamond 
films are unsuited for MEMS applications. 



BNSOOCIDkWO 0I77694A1J_> 



WO 01/77694 



6 



PCT7US01/11460 



Property 


Silicon 


Diamond 


Lattice Constant (A) 


5.43 


3.57 


Cohesive Energy (eV) 


4.64 


7.36 


Young's Modulus (Gpa) 


130 


1200 


Sheer Modulus (Gpa) 


80 


577 


Hardness, Hv (kg/mm2) 


1000 


10,000 


Fracture Toughness 


1 


5.3 


Flexural Strength (Mpa) 


127.6 


2944 



Table I 



The present invention employs phase-pure ultrananocrystalline diamond 
(UNCD) having morphological and mechanical properties that are ideally suited for 
MEMS applications. In particular, recent morphological studies and 
pseudopotential calculations indicate that UNCD has a flexural strength equal to 
that of single crystal diamond, and a brittle fracture toughness considerably higher 
than that of conventionally grown diamond films, and may even exceed the fracture 
toughness of single crystal diamond. UNCD is characterized as having much 
smaller grain size than conventional nanocrystalline diamond (NCD) structures, 
with only diamond and no voids or non-diamond components between grains. In 
addition, UNCD is free of secondary phases and is defined by sharp grain 
boundaries giving rise to high fracture strength. 

Also as shown in Table I, the flexural strength of diamond is 23 times 

greater than that of silicon, permitting much greater forces to be applied to the 
cantilever element without breakage. If the diamond should contact the substrate 
to which it is mounted, its low coefficient of static friction ensures that the diamond 
cantilever element will not stick to the substrate. This permits UNCD cantilever 
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elements to be used as measuring devices for shock, vibration, pressure and 
acceleration. 

Referring to FIG. 1 , there is shown a simplified combined schematic and 
block diagram of one embodiment of an UNCD sensor arrangement 10 in 
5 accordance with the present invention. The UNCD sensor 10 includes a silicon 

substrate 12 to which is attached an UNCD cantilever element 16 by means of an 
insulating layer 14. With the UNCD cantilever element 16 and silicon substrate 12 
separated by the insulating layer 14, the capacitance between the UNCD cantilever 
element and silicon substrate is a function of the average distance between the 
10 cantilever element and the substrate. The UNCD cantilever element 16 is in the 

form of an elongated, linear structure securely attached at one end thereof to the 
silicon substrate 12 by means of the insulating layer 14. Insulating layer 14 is 
preferably comprised of a thermally oxidized silicon wafer. In response to an 
acceleration, vibration or the application of a pressure or shock wave, the free end 
15 1 6a of the UNCD cantilever element 1 6 is displaced toward the silicon substrate 1 2.. 

D is the distance from the substrate. The free end of the UNCD cantilever element 
16 may also be displaced away from the silicon substrate 12, although this is not 
shown in the figure for simplicity. 

As shown in FIG. 1 , connected between the silicon substrate 12 and the 
20 UNCD cantilever element 1 6 is an electrical detector circuit 34. Electrical detector 

circuit 34 includes an alternating current I voltage source 36 and an ammeter 38. 
Ammeter 38 detects the current I in the circuit which is given by the following 
expression: 
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WoizJVD (1) 
where V= voltage of the alternating current voltage source; 
u>=frequency of the AC voltage; 
e 0 =dielectric constant of space; 
5 A=the area of the cantilever; and 

D=the average distance between the UNCD cantilever element 
and the silicon substrate. 
Also shown in FIG. 1 is an optical detector arrangement including an 
interferometer 20 for measuring the deflection of the free end 16a of UNCD 
10 cantilever element 16. Interferometer 20 includes a light source 22, a beam 

splitter/compensator 26, and a fixed reflector 24. As the free end 1 6a of the UNCD 
cantilever element 16 is deflected in response to an acceleration, vibration or a 
pressure or shock wave, the phase of a light beam directed onto the UNCD 
cantilever element changes and is measured by a detector 28 which compares the 
15 phase of the light beam output by the light source 22 with the phase of the light 

beam reflected from the UNCD cantilever element. 

UNCD is an excellent cold cathode electron emitter with a threshold field 
of 2-5 volts/micron. It is therefore possible to provide a bias voltage between the 
UNCD cantilever element and an anode in close proximity (10-100 urn) in order to 
20 measure the emission current. The UNCD electron emission current is given by the 

Fowler-Nordheim equation as follows: 

J=A(V/D) 2 exp (SDN) (2) 
where J=current density in amps/cm 2 ; 

A and B =properties of the cold cathode material; 
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V=applied voltage; and 

D=distance between the silicon substrate (anode) and the UNCD 
cantilever element (cathode). 

Because the quantity D appears in the exponent of the Fowler-Nordheim 
5 equation, the emission current J is extremely sensitive to the gap between the 

silicon substrate and the UNCD cantilever element. 

Referring to FIGS. 2a-2e, there is shown a series of steps involved in 
fabricating a UNCD cantilever sensor in accordance with another aspect of the 
present invention. In order to fabricate the UNCD cantilever structure, it is 
10 necessary to deposit the UNCD film on a sacrificial release layer such as of Si0 2 . 

Using conventional diamond film growth methods, this is very difficult because the 
nucleation density is 6 orders of magnitude smaller on Si0 2 than on Si. However, 
the carbon dimer growth species in the UNCD process can insert directly into either 
the Si or Si0 2 surface. In addition, the lack of atomic hydrogen in the UNCD 
1 5 cantilever element fabrication process permits both a higher nucleation density and 

a higher renucleation rate than the conventional H 2 -CH 4 plasma chemistry, and it 
is therefore possible to grow UNCD directly on Si0 2 . 

The process for fabrication of an UNCD cantilever structure in 
accordance with this aspect of the present invention is initiated as shown in FIG. 
20 2a by forming a sacrificial layer 46 of thermally grown Si0 2 on a silicon substrate 

layer 44. An UNCD layer 48 is then deposited onto the 1pm thick thermal oxide 
SiO z release layer 46. PECVD (Plasma Enhanced Chemical Vapor Deposition) is 
then used to form a Si0 2 hard mask layer 50 on the thin film UNCD layer 48. 
Photoresist is then deposited on the Si0 2 hard mask layer 50 and is formed by 
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means of photolithography in plural, spaced photoresist deposits 52a, 52b and 52c 
on the Si0 2 hard mask layer 50 as shown in FIG. 2b. The SiO z hard mask layer 50 
is then also formed in a pattern by means of fluorine dry etching so as to form plural 
spaced hard mask layer deposits 50a, 50b and 50c, disposed between the UNCD 
5 layer 48 and the photoresist deposits 52a, 52b and 52c respectively, as shown in 

FIG. 2c. The photoresist deposits 52a, 52b and 52c are removed and the UNCD 
layer 48 is etched between the hard mask layer deposits 50a, 50b and 50c by 
means of an oxygen plasma as shown in FIG. 2d. This forms plural, spaced UNCD 
deposits 48a, 48b and 48c. The hard mask layer deposits 50a, 50b and 50c and 
10 the sacrificial Si0 2 layer 48 are then removed by etching in HF, leaving cantilever 

UNCD structures in the form of spaced UNCD deposits 48a, 48b and 48c. 

FIGS. 3a, 3ba and 3c are photographs of another configuration of UNCD 
cantilever structures fabricated by the process shown in FIGS. 2a-2e. FIG. 3a 
shows two diamond cantilever structures deposited on a Si0 2 release layer which 
15 are arranged in facing relation on the release layer. The cantilever structures 

include a series of apertures to allow the HF etchant access to the sacrificial Si0 2 
layer in order to free the cantilever elements from the substrate. The four large 
comer pads shown in FIG. 3a do not have these apertures and, because of their 
relatively large size, they remain attached to the substrate, with an undercut of 
20 approximately 7 urn. 

Differential motion of the four pads at the comers of the device as shown 
in FIG. 3a is amplified by the offset support points along the arms of the cantilever 
elements, permitting the device to function as a MEMS strain gauge. FIGS. 3b and 
3c show increasingly magnified views of the free end of the UNCD cantilever 
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structures. The UNCD cantilever structures on the crossbar represent the scale of 
a vernier readout for a precise measurement of very small differential motion. 
Previous attempts at producing such diamond structures were limited by the 
attainable resolution, which was limited by the diamond grain size (typically* 1 urn). 
5 However, the feature size of the vernier scale in the figures is * 1 00 nm. 

An UNCD cantilever structure 58 formed as shown in FIGS. 2a-2e and 
as described above is shown in the photograph of FIG. 4. Unlike conventionally 
grown diamond, which is under considerable compressive stress and curls 
significantly, often into a tight spiral, when released from the substrate, UNCD thin 
10 films exhibit little interfacial stress. The released UNCD cantilever structure is 

therefore essentially straight as shown in FIG. 4. This lack of curl in the UNCD 
cantilever structure 58 suggests that the stress is accommodated by Type III (grain 
boundary) strain. The fabrication of the released UNCD cantilever structure 58 
shown in FIG. 4 demonstrates that it is possible to produce stable 2-dimensional, 
15 free-standing UNCD structures using modified Si fabrication technologies. The 

released UNCD cantilever structure 58 exhibits excellent lateral stability and almost 
no vertical displacement resulting from interfacial stress. 

Referring to FIG. 5, there is shown in simplified schematic diagram form 
another embodiment of an UNCD sensor arrangement 64 in accordance with the 
20 present invention. As in the previously described embodiment, UNCD sensor 

arrangement 64 includes an UNCD cantilever element 66 connected in circuit to a 
limit electrode 68 by means of a voltage source 70 and an ammeter 72. In the 
embodiment shown in FIG. 5, voltage source 70 is in the form of a DC voltage 
source such as a battery. FIG. 6 is a graphic representation of the calculated field 
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emission current density J 1 as a function of the separation between UNCD 
cantilever element 66 and limit electrode 68. The field emission current density 
calculation shown graphically in FIG. 6 is based upon a Fowler-Nordheim analysis 
of measured UNCD data. 
5 Referring to FIG. 7, there is shown in simplified schematic diagram 

form still another embodiment of an UNCD sensor arrangement 76 in accordance 
with the principles of the present invention. UNCD sensor arrangement 76 includes 
an UNCD cantilever element 78 having a fixed, stationary end 78a and a free end 
78b. The fixed end 78a of the UNCD cantilever element 78 is attached to a support 
10 structure, such as a substrate as previously described, while the free end 78b is 

movable between first and second limit electrodes 80 and 82. By using two 
electrodes, in this case anodes, on either side of the UNCD cantilever element 78, 
the UNCD sensor arrangement 76 is capable of simultaneously measuring uniform 
acceleration, shock, and vibration, and with a slight modification, static pressure 
15 and atmospheric shock. A first DC voltage source 86 is connected between the 

first limit electrode 80 and the UNCD cantilever element 78. A second DC voltage 
source 88 is connected between the second limit electrode 82 and the UNCD 
cantilever element 78. The first DC voltage source 86 applies a voltage V1 
between the first limit electrode 80 and the UNCD cantilever element 78, while the 
20 second DC voltage source 88 applies a voltage of V2 between the second limit 

electrode 82 and the UNCD cantilever element. First and second ammeters 92 and 
94 measure the current respectively between the first limit electrode 80 and the 
UNCD cantilever element 78 and between the second limit electrode 82 and the 
UNCD cantilever element. The spacing between the UNCD cantilever element 78 
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and the first limit electrode 80 is given as D1 , while the spacing between the UNCD 
cantilever element and the second limit electrode 82 is given as D2. The quantity 
D1+D2 is fixed. A small AC modulation at a frequency w is applied to the UNCD 
cantilever element 78 by means of an AC voltage source 90. The currents J, and 
5 J 2 in the first and second circuits respectively including the first and second limit 

electrodes 80, 82 are respectively given as: 

J^AM/Dtfexpt-BDM) (3) 
J 2 =A(V2/D 2 ) 2 exp(-BD 2 A/ 2 ) (4) 
The parameters A and B have been measured for UNCD films. The total 
1 0 current collected by the first and second limit electrodes 80, 82 is shown graphically 

in FIG. 8 as a function of the ratio of D1/D2. As shown in FIG. 8, there is a wide 
dynamic range of both the input displacement D1/D2 and the measured current 
(J1+J2). Because of the symmetry of the applied voltage and the anode-cathode 
gap in the Fowler-Nordheim equation, there is a change in the anode voltage ratio 
15 V1A/2 that exactly matches any displacement of the UNCD cantilever element 78 

from equilibrium. If the V1 A/2 ratio is tuned so that the electron emission currents 
to the two limit electrodes 80, 82 are equal when the UNCD cantilever element 78 
is at its equilibrium position, and a small modulation signal having a frequency o> 
is applied to the UNCD cantilever element the total current (J1+J2) will be 
20 modulated at a frequency 2u> as shown in FIG. 8. A static displacement of the 

UNCD cantilever element 78 from the equilibrium position will result in an output 
current with a frequency w. The phase of this signal will change by 180°, 
depending on the direction of displacement of the free end 78b of the UNCD 
cantilever element 78. The amplitude of the u> signal as a function of UNCD 



BNSDOCID: <WO . 0177694A1J_> 



WO 01/77694 PCT/US01/11460 

14 

cantilever element displacement is shown graphically in FIG. 9. The 2co signals 
and both phases of the co signals can be independently detected using lock-in 
techniques. 

If the UNCD sensor arrangement 76 shown in FIG. 7 is subjected to 
5 symmetric time-dependent displacement, i.e., vibration, then all three signals, i.e., 

the 2io signal and both phases of the to signal, will be detected simultaneously and 
the amplitudes of the co and -co signals will be equal. If there is a component of 
unidirectional acceleration, then the w and -to signals will be unequal and the 
difference between them is a measure of the acceleration. The sensitivity for small 
1 0 static displacements can be improved further by using a feedback loop to adjust the 

V1/V2 ratio to equalize the to signals (and maximize the 2to signal). The change 
in DC voltage ratio (V1 A/2) required to restore the equilibrium condition (amplitude 
of +to and -co signals equal) can be related to the static displacement via the 
Fowler-Nordheim equation. 
15 If the UNCD device is subjected to a shock wave, then there will be an 

initial displacement in one direction, followed by a damped oscillation. Time- 
stamped sample and hold circuitry for measurement of the three signals can be 
used to determine the duration and intensity of the shock wave. Finally, by allowing 
one of the anodes, e.g., the one at potential V1, to be positioned on a movable 
20 diaphragm, the device can be made sensitive to atmospheric pressure variations 

which will change D1 , but not D2. A device in accordance with this aspect of the 
present invention for measuring atmospheric pressure variations is shown in 
simplified schematic diagram form in FIG. 10. The UNCD pressure/shock wave 
sensor arrangement 104 shown in FIG. 10 includes an UNCD cantilever element 
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106 disposed between a first flexible membrane electrode 108 and a second limit 
electrode 110. As in the previously described embodiment, the UNCD 
pressure/shock wave sensor arrangement 104 further includes first and second DC 
voltage sources 1 1 2 and 1 14 and first and second ammeters 1 1 8 and 1 20. An AC 
5 voltage source 1 16 is connected to the UNCD cantilever element 106. The small 

size and high component stiffness of the UNCD pressure/shock wave sensor 
arrangement 104 provides extremely good high frequency response and good time 
resolution. 

As shown in FIG. 7, the free end 78b of the UNCD cantilever element 78 
10 may be formed with symmetric diamond tips 84a and 84b disposed in facing 

relation to the first and second limit electrodes 80, 82, respectively. The diamond 
tips 84a and 84b terminate in a very small radius of curvature, resulting in an 
enhancement of the electric field and a consequent reduction in the required values 
of V; and V 2 . The electrode spacings D, and D 2 are measured from the end of the 
1 5 diamond tip to the respective anode. 

In another application, the lower tip in FIG. 7 can be used as the probe 
of a scanning atomic force microscope (AFM). In this application, the lower 
electrode is replaced by the sample to be characterized, and the lower tip is 
brought into contact with the sample, and the V 2 power supply 88 is not used. The 
20 V, power supply 86, the cantilever element 78 and the upper electrode 80 form a 

single-sided field emission position sensor as shown in FIG. 5. The free end of the 
upper side of the cantilever element 78 may be flat as shown in FIG. 5, or formed 
with a sharp tip as shown in FIG. 7. This design permits the fabrication of an AFM 
as a single, compact, pre-aligned structure. 
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There has thus been shown an ultrananocrystalline diamond (UNCD) 
cantilever wide dynamic range acceleration/vibration/pressure sensor, and method 
of fabrication therefore, which can also be used as a precise, alignment-free 
readout of the cantilever deflection in atomic force microscopes. Cantilever 
5 deflection, and thus the extent of vibration, acceleration, and pressure, can be 

detected using either capacitative, interferometric or electron emission methods. 
Using the latter readout method, the entire UNCD cantilever structure and readout 
mechanism can be fabricated as a single, compact, pre-aligned structure capable 
of undergoing large displacements without breaking the cantilever element. The 
10 sensor is highly sensitive over a wide dynamic range and is very small and 

compact in size making the sensor particularly adapted for use in micro electro 
mechanical systems (MEMS) and other devices. 

While particular embodiments of the present invention have been shown 
and described, it will be obvious to those skilled in the relevant art that changes and 
15 modifications may be made without departing from the invention in its broader 

aspects. Therefore, the aim in the appended claims is to cover all such changes 
and modifications as fall within the true spirit and scope of the invention. The 
matter set forth in the foregoing description in accompanying drawings is offered 
by way of illustration only and not as a limitation. The actual scope of the invention 
20 is intended to be defined in the following claims when viewed in their proper 

perspective based on the prior art. 
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The embodiments of the invention in which an exclusive property or privilege 
is claimed are defined as follows: 

1. A sensor for measuring an acceleration, vibration or pressure, said 
sensor comprising: 

a substrate having a general flat surface; 

an ultrananocrystalline diamond (UNCD) element having first and 
second opposed ends, wherein said UNCD element undergoes deflection from an 
equilibrium position in response to acceleration, vibration or pressure; 

a mounting member disposed between and coupled to said substrate 
and the first end of said UNCD element for attaching said UNCD element to said 
substrate in a cantilever manner, wherein the second opposed end of said UNCD 
element is deflected from said equilibrium position toward or away from said 
substrate in response to an acceleration, vibration or pressure; and 

detector means coupled to said UNCD element for measuring 
deflection of said UNCD element from said equilibrium position, wherein said 
deflection represents an acceleration, vibration or pressure experienced by said 
UNCD element. 

2. The sensor of claim 1 wherein said substrate is silicon and said 
mounting member is comprised of an electrical insulating material. 

3. The sensor of claim 2 where said electrical insulating material is a 
thermally oxidized silicon wafer. 

4. The sensor of claim 1 wherein said detector means comprises an 
optical apparatus for measuring the deflection of said UNCD element from said 
equilibrium position. 
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5. The sensor of claim 4 wherein said optical apparatus includes an 
interferometer for measuring a change in phase of a light beam incident upon the 
second end of said UNCD element 

6. The sensor of claim 1 wherein said detector means comprises an 
electrical circuit coupled to said UNCD element and to said substrate for measuring 
a cold cathode electron emission current from said UNCD element generated in 
response to an acceleration, vibration or pressure. 

7. The sensor of claim 6 wherein said electrical circuit includes an AC 
voltage source and an ammeter. 

8. The sensor of claim 6 wherein said electrical circuit includes a DC 
voltage source and an ammeter. 

9. A sensor for simultaneously measuring acceleration, shock and 
vibration, said sensor comprising: 

an ultrananocrystalline diamond (UNCD) element responsive to 
acceleration, shock and vibration exerted thereon, wherein said UNCD element 
5 includes a first end fixedly mounted to a support member and a second opposed 

cantilever free end, and wherein said UNCD element undergoes deflection from an 
equilibrium position in response to an acceleration, shock or vibration exerted 
thereon; 

first and second electrodes connected in circuit with said UNCD 
10 element and disposed on opposed sides of the second free end of said UNCD 

element and respectively spaced distances D1 and D2 from said UNCD element; 
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first and second DC voltage sources for applying first and second DC 
voltages V1 and V2 and providing currents J1and J2 between said UNCD element 
and said first and second electrodes, respectively; 

an AC modulation source coupled to said UNCD element for applying 
an alternating voltage modulated at a frequency w to said UNCD element; and 

circuit means for measuring a change in J1/J2 representing 
displacement of said UNCD element from said equilibrium position and a 
magnitude of an acceleration, shock and vibration exerted on said UNCD element. 

10. The sensor of claim 9 wherein said UNCD element is a cathode and 
said first and second electrodes are anodes in the circuit. 

1 1 . The sensor of claim 9 wherein the currents in said first and second 
electrodes are J n and J 2 , respectively, and wherein J 1 + J 2 is a function of the ratio 
of D1/D2. 

12. The sensor of claim 11 wherein a change in the ratio of V1/V2 
corresponds to displacement of said UNCD element from said equilibrium position.. 

1 3. The sensor of claim 1 2 wherein an amplitude of the alternating current 
modulated at the frequency w changes with a change in the ratio of D1/D2. 

14. The sensor of claim 9 further comprising a movable diaphragm 
attached to and supporting said first electrode for measuring atmospheric pressure 
variations. 

1 5. The sensor of claim 14 wherein said movable diaphragm ; o a flexible 
membrane. 

16. A method for fabricating an ultrananocrystalline diamond (UNCD) 
cantilever element on a substrate, said method comprising the steps of: 



WO 01/77694 PCT/US01/11460 

20 

depositing a sacrificial release layer on the substrate; 

depositing an UNCD layer on said sacrificial release layer; 
5 depositing a hard mask layer on said UNCD layer; 

depositing photoresist on said hard mask layer and forming said 
photoresist in discrete, spaced deposits by photoetching; 

removing portions of said hard mask layer not disposed beneath said 
discrete, spaced deposits of photoresist so as to form discrete, spaced deposits of 
10 said hard mask layer, 

removing said discrete, spaced deposits of photoresist and portions 
of said UNCD layer not disposed beneath said discrete, spaced deposits of said 
hard mask layer so as to form discrete, spaced UNCD elements disposed on said 
sacrificial release layer; 

15 removing the discrete, spaced deposits of said hard mask layer 

disposed on respective discrete, spaced UNCD elements; and 

removing the sacrificial release layer disposed on the substrate for 
forming each of said discrete, spaced UNCD elements into a cantilever structure. 

1 7. The method of claim 1 6 wherein said sacrificial layer is a layer of Si0 2 
thermally grown on the substrate. 

18. The method of claim 17 wherein the step of depositing a hard mask 
layer includes depositing a layer of Si0 2 by means of plasma enhanced chemical 
vapor deposition on said UNCD layer. 

19. The method of claim 18 wherein the step of forming said photoresist 
in discrete, spaced deposits includes photolithographic patterning. 
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20. The method of claim 1 9 wherein the step of removing portions of said 
hard masked layer not disposed beneath said deposits of photoresist includes 
reactive ion dry etching. 

21 . The method of claim 20 wherein the step of removing said deposits 
of photoresists and portions of said UNCD layer not disposed beneath deposits of 
said hard mask layer includes plasma etching. 

22. The method of claim 21 wherein the steps of removing the deposits 
of said hard mask layer and said sacrificial release layer includes HF etching. 

23. A sensor for use in an atomic force microscope for measuring a 
surface topography of a specimen, said sensor comprising: 

an ultrananocrystalline diamond (UNCD) element having a first end 
fixedly mounted to a support member and a second opposed cantilever free end; 
5 a probe disposed on the second cantilever free end of said UNCD 

element for engaging a surface of the specimen, wherein said UNCD element 
undergoes deflection from an equilibrium position in response to displacement of 
said probe as said probe engages irregularities in the surface of the specimen; 

an electrode connected in circuit with said UNCD element and 
10 disposed on an opposite side of said UNCD element from the specimen; 

a DC voltage source for applying a DC voltage V1 and providing 
current J1 between said UNCD and said electrode; 

an AC modulation source coupled to said UNCD element for arplying 
an alternating voltage modulated at a frequency w to said UNCD element; and 
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circuit means for measuring a change in J1 representing displacement of 
said UNCD element from said equilibrium position and a change in the surface 
topography of the specimen. 

24. The sensor of claim 23 wherein said probe comprises an atomic force 
microscope tip disposed on a first side of the free end of said UNCD element and 
engaging a surface of the specimen, and said electrode is an anode disposed in 
facing relation to a second, opposed side of the free end of said UNCD element. 
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ULTRANANOCRYSTALLINE DIAMOND CANTILEVER WIDE 
DYNAMIC RANGE ACCELERATION/VIBRATION/PRESSURE SENSOR 
CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this invention pursuant to 
Contract No. W-31-109-ENG-38 between the U.S. Department of Energy and The 
University of Chicago representing Argonne National Laboratory. 

FIELD OF THE INVENTION 
This invention relates generally to ultranocrystalline diamond (UNCD) 
structures and is more particularly directed to UNCD structures for use in sensors 
and other devices with special application for highly sensitive, ultra-small devices 
such as used in micro electro mechanical systems. 
5 BACKGROUND OF THE INVENTION 

Micro electro mechanical systems (MEMS) cantilever sensors are used 
as detectors in shock and acceleration sensors. One common application of a 
MEMS detector is in the activation of air bags in vehicles. The MEMS detector is 
typically made of silicon because of the availability of surface micromachining 
10 technology. However, these devices have limited dynamic range because of the 

limited flexural strength of silicon. If the cantilever deflection exceeds the elastic 
limit of silicon, the cantilever structure breaks. Moreover, the tribological properties 
of silicon are such that it has a tendency to adhere to surfaces with which the 
cantilever beam comes into contact. In addition, the silicon is subject to high 
15 friction and wear in applications involving sliding and rolling contact. Because of 

these characteristics of silicon, these cantilever structures are normally limited to 
simple on-off switches such as in the aforementioned vehicular air bag application, 
rather than having application to a broad range of measurement devices. 
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The present invention addresses the aforementioned limitations of the 
prior art by providing a miniature, highly sensitive ultrananocrystalline diamond 
structure for use in a sensor having a wide dynamic range which is adapted for use 
in a wide range of applications. 
5 OBJECTS AND SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to provide an 
ultrananocrystalline diamond (UNCD) structure for use in sensors and other 
devices such as in micro electro mechanical systems (MEMS). 

It is another object of the present invention to provide an ultra-small 
10 sensor, and a method of fabrication therefor, for precisely measuring acceleration, 
shock, vibration and static pressure over a wide dynamic range. 

A further object of the present invention is to provide a highly sensitive, 
miniature sensor and associated circuitry which is particularly adapted for use in 
atomic force microscopy. 
15 Yet another object of the present invention is to provide a sensor having 

a wide dynamic range which can be used in a wide variety of applications such as 
in, for example, explosive shock sensors, pressure/vibration transducers for aircraft 
and space vehicles, acceleration sensors/feedback devices for air and ground 
vehicles, and data-logging applications. 
20 A still further object of the present invention is to provide a sensor 

capable of the simultaneous detection of and discrimination between vibration and 
acceleration. 
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The present invention contemplates a sensor for measuring an 
acceleration, vibration or pressure, the sensor comprising a substrate having a 
general flat surface; an ultrananocrystalline diamond (UNCD) element having first 
and second opposed ends, wherein said UNCD element undergoes deflection from 
5 an equilibrium position in response to acceleration, vibration or pressure; a 
mounting member disposed between and coupled to the substrate and the first end 
of the UNCD element for attaching the UNCD element to the substrate in a 
cantilever manner, wherein the second opposed end of the UNCD element is 
deflected from the equilibrium position toward or away from the substrate in 
10 response to an acceleration, vibration or pressure; and a detector coupled to the 
UNCD element for measuring deflection of the UNCD element from the equilibrium 
position, wherein the deflection represents an acceleration, vibration or pressure 
experienced by the UNCD element. 

BRIEF DESCRIPTION OF THE DRAWINGS 
l5 The appended claims set forth those novel features which characterize 

the invention. However, the invention itself, as well as further objects and 
advantages thereof, will best be understood by reference to the following detailed 
description of a preferred embodiment taken in conjunction with the accompanying 
drawings, where like reference characters identify like elements throughout the 

20 various figures, in which: 

FIG. 1 is amplified combined block and schematic diagram of an 
ultrananocrystalline diamond cantilever sensor arrangement in accordance with 
one embodiment of the present invention shown in combination with both an 
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interferometric measurement arrangement and an electrical circuit measurement 
arrangement; 

FIGS. 2a -2e illustrate the sequence of steps involved in fabricating a 
free-standing ultrananocrystalline diamond cantilever sensor arrangement in 
5 accordance with one aspect of the present invention; 

FIGS. 3a, 3b and 3c are electron micrographs of an ultrananocrystalline 
micro electro mechanical system strain gauge fabricated in accordance with the 
aspect of the present invention shown in FIGS. 2a-2e; 

FIG. 4 is an electron micrograph of a released nanocrystalline diamond 
1 o cantilever structure for use in a sensor in accordance with the present invention; 

FIG. 5 is a simplified schematic diagram of a sensor circuit incorporating 
a nanocrystalline diamond cantilever element in accordance with the present 
invention; 

FIG. 6 shows graphically the variation of field emission current density 
15 calculated using the Fowler-Nordheim equation as a function of deflection of the 
nanocrystalline diamond cantilever structure such as in the sensor circuit shown in 
FIG. 5; 

FIG. 7 is another embodiment of a nanocrystalline diamond cantilever 
structure in a sensor circuit in accordance with the present invention incorporating 
20 two anodes with each anode disposed on a respective side of a nanocrystalline 
diamond cantilever structure; 

FIG. 8 is a graphic representation of the variation of total current 
collected by the two anodes in the sensor circuit of FIG. 7 as a function of the 
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variation in the ratio of separation, or displacement, between the two anodes and 
the nanocrystalline diamond cantilever element; 

FIG. 9 shows graphically the magnitude of the displacement signal to as 
a function of nanocrystalline diamond cantilever element displacement from the 
equilibrium position; and 

FIG. 10 is a simplified schematic diagram of another embodiment of a 
nanocrystalline diamond cantilever sensor arrangement in accordance with the 
present invention incorporating a flexible membrane which is particularly adapted 
for pressure and shock wave measurements. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Diamond is a superhard material of high mechanical strength and 
thermal stability. Table I presents a comparison of selected properties of silicon 
and diamond. From Table I, it can be calculated that the projected wear life of 
diamond micro electro mechanical systems-moving mechanical assemblies 
(MEMS-MMAs) is on the order of 10,000 times greater than that of silicon. Studies 
of the tribo-oxidative properties of diamond indicate that diamond may perform 
significantly better than silicon and SiC in applications involving sliding/rolling 
contact in oxygen-containing atmospheres at temperatures up to 950°C. However, 
as the hardest known material, diamond is notoriously difficult to fabricate. Thin 
film methods offer a logical approach to the fabrication of ultra-small diamond 
structures, but convention^ chemical vapor deposition (CVD) methods produce 
diamond films having large grain size, high internal stress, poor intergranular 
adhesion, and very rough surfaces. As a result, conventionally produced diamond 
films are unsuited for MEMS applications. 
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ProDertv 


Silicon 


Diamond 


Lattice Constant (A) 


5.43 


3.57 


Cohesive Enerav (eV) 


4.64 


7.36 


Young's Modulus (Gpa) 


130 


1200 


Sheer Modulus (Gpa) 


80 


577 


Hardness, Hv (kg/mm2) 


1000 


10,000 


Fracture Toughness 


1 


5.3 


Flexural Strength (Mpa) 


127.6 


2944 



10 Table I 

The present invention employs phase-pure ultrananocrystalline diamond 
(UNCD) having morphological and mechanical properties that are ideally suited for 
MEMS applications. In particular, recent morphological studies and 
15 pseudopotential calculations indicate that UNCD has a flexural strength equal to 
that of single crystal diamond, and a brittle fracture toughness considerably higher 
than that of conventionally grown diamond films, and may even exceed the fracture 
toughness of single crystal diamond. UNCD is characterized as having much 
smaller grain size than conventional nanocrystalline diamond (NCD) structures, 
20 with only diamond and no voids or non-diamond components between grains. In 
addition, UNCD is free of secondary phases and is defined by sharp grain 
boundaries giving rise to high fracture strength. 

Also as shown in Table I, the flexural strength of diamond is 23 times 
greater than that of silicon, permitting much greater forces to be applied to the 
25 cantilever element without breakage. If the diamond should contact the substrate 
to which it is mounted, its low coefficient of static friction ensures that the diamond 
cantilever element will not stick to the substrate. This permits UNCD cantilever 
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elements to be used as measuring devices for shock, vibration, pressure and 
acceleration. 

Referring to FIG. 1, there is shown a simplified combined schematic and 
block diagram of one embodiment of an UNCD sensor arrangement 10 in 
5 accordance with the present invention. The UNCD sensor 10 includes a silicon 
substrate 12 to which is attached an UNCD cantilever element 16 by means of an 
insulating layer 14. With the UNCD cantilever element 16 and silicon substrate 12 
separated by the insulating layer 14, the capacitance between the UNCD cantilever 
element and silicon substrate is a function of the average distance between the 
10 cantilever element and the substrate. The UNCD cantilever element 16 is in the 
form of an elongated, linear structure securely attached at one end thereof to the 
silicon substrate 12 by means of the insulating layer 14. Insulating layer 14 is 
preferably comprised of a thermally oxidized silicon wafer. In response to an 
acceleration, vibration or the application of a pressure or shock wave, the free end 
15 1 6a of the UNCD cantilever element 1 6 is displaced toward the silicon substrate 1 2. 
D is the distance from the substrate. The free end of the UNCD cantilever element 
16 may also be displaced away from the silicon substrate 12, although this is not 
shown in the figure for simplicity. 

As shown in FIG. 1 , connected between the silicon substrate 1 2 and the 
20 UNCD cantilever element 16 is an electrical detector circuit 34. Electrical detector 
circuit 34 includes an alternating current I voltage source 36 and an ammeter 38. 
Ammeter 38 detects the current I in the circuit which is given by the following 
expression: 
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(D 



where V= voltage of the alternating current voltage source; 



co=frequency of the AC voltage; 



e 0 =dlelectric constant of space; 



5 



A=the area of the cantilever, and 



D=the average distance between the UNCD cantilever element 
and the silicon substrate. 
Also shown in FIG. 1 is an optical detector arrangement including an 
interferometer 20 for measuring the deflection of the free end 16a of UNCD 
10 cantilever element 16. Interferometer 20 includes a light source 22, a beam 
splitter/compensator 26, and a fixed reflector 24. As the free end 16a of the UNCD 
cantilever element 16 is deflected in response to an acceleration, vibration or a 
pressure or shock wave, the phase of a light beam directed onto the UNCD 
cantilever element changes and is measured by a detector 28 which compares the 
15 phase of the light beam output by the light source 22 with the phase of the light 
beam reflected from the UNCD cantilever element. 



of 2-5 volts/micron. It is therefore possible to provide a bias voltage between the 
UNCD cantilever element and an anode in close proximity (10-100 urn) in order to 
20 measure the emission current. The UNCD electron emission current is given by the 
Fowler-Nordheim equation as follows: 



UNCD is an excellent cold cathode electron emitter with a threshold field 



J=A(V/D) 2 exp (-BDA/) 



(2) 



where J=current density in amps/cm 2 ; 

A and B =properties of the cold cathode material; 
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V=applied voltage; and 

D=distance between the silicon substrate (anode) and the UNCD 
cantilever element (cathode). 

Because the quantity D appears in the exponent of the Fowler-Nordheim 
5 equation, the emission current J is extremely sensitive to the gap between the 
silicon substrate and the UNCD cantilever element. 

Referring to FIGS. 2a-2e, there is shown a series of steps involved in 
fabricating a UNCD cantilever sensor in accordance with another aspect of the 
present invention. In order to fabricate the UNCD cantilever structure, it is 
10 necessary to deposit the UNCD film on a sacrificial release layer such as of Si0 2 . 
Using conventional diamond film growth methods, this is very difficult because the 
nucleation density is 6 orders of magnitude smaller on Si0 2 than on Si. However, 
the carbon dimer growth species in the UNCD process can insert directly into either 
the Si or Si0 2 surface. In addition, the lack of atomic hydrogen in the UNCD 
1 5 cantilever element fabrication process permits both a higher nucleation density and 
a higher renucleation rate than the conventional H 2 -CH 4 plasma chemistry, and it 
is therefore possible to grow UNCD directly on Si0 2 . 

The process for fabrication of an UNCD cantilever structure in 
accordance with this aspect of the present invention is initiated as shown in FIG. 
20 2a by forming a sacrificial layer 46 of thermally grown Si0 2 on a silicon substrate 
layer 44. An UNCD layer 48 is then deposited onto the 1pm thick thermal oxide 
Si0 2 release layer 46. PECVD (Plasma Enhanced Chemical Vapor Deposition) is 
then used to form a Si0 2 hard mask layer 50 on the thin film UNCD layer 48. 
Photoresist is then deposited on the Si0 2 hard mask layer 50 and is formed by 
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means of photolithography in plural, spaced photoresist deposits 52a, 52b and 52c 
on the Si0 2 hard mask layer 50 as shown in FIG. 2b. The Si0 2 hard mask layer 50 
is then also formed in a pattern by means of fluorine dry etching so as to form plural 
spaced hard mask layer deposits 50a, 50b and 50c, disposed between the UNCD 
5 layer 48 and the photoresist deposits 52a, 52b and 52c respectively, as shown in 
FIG. 2c. The photoresist deposits 52a, 52b and 52c are removed and the UNCD 
layer 48 is etched between the hard mask layer deposits 50a, 50b and 50c by 
means of an oxygen plasma as shown in FIG. 2d. This forms plural, spaced UNCD 
deposits 48a, 48b and 48c. The hard mask layer deposits 50a, 50b and 50c and 
0 the sacrificial SiO z layer 48 are then removed by etching in HF, leaving cantilever 
UNCD structures in the form of spaced UNCD deposits 48a, 48b and 48c. 

FIGS. 3a, 3ba and 3c are photographs of another configuration of UNCD 
cantilever structures fabricated by the process shown in FIGS. 2a-2e. FIG. 3a 
shows two diamond cantilever structures deposited on a Si0 2 release layer which 
15 are arranged in facing relation on the release layer. The cantilever structures 
include a series of apertures to allow the HF etchant access to the sacrificial Si0 2 
layer in order to free the cantilever elements from the substrate. The four large 
corner pads shown in FIG. 3a do not have these apertures and, because of their 
relatively large size, they remain attached to the substrate, with an undercut of 
20 approximately 7 urn. 

Differential motion of the four pads at the comers of the device as shown 
in FIG. 3a is amplified by the offset support points along the arms of the cantilever 
elements, permitting the device to function as a MEMS strain gauge. FIGS. 3b and 
3c show increasingly magnified views of the free end of the UNCD cantilever 
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structures. The UNCD cantilever structures on the crossbar represent the scale of 
a vernier readout for a precise measurement of very small differential motion. 
Previous attempts at . producing such diamond structures were limited by the 
attainable resolution, which was limited by the diamond grain size (typically- 1 um). 
However, the feature size of the vernier scale in the figures is * 100 nm. 

An UNCD cantilever structure 58 formed as shown in FIGS. 2a-2e and 
as described above is shown in the photograph of FIG. 4. Unlike conventionally 
grown diamond, which is under considerable compressive stress and curls 
significantly, often into a tight spiral, when released from the substrate, UNCD thin 
films exhibit little interfacial stress. The released UNCD cantilever structure is 
therefore essentially straight as shown in FIG. 4. This lack of curl in the UNCD 
cantilever structure 58 suggests that the stress is accommodated by Type III (grain 
boundary) strain. The fabrication of the released UNCD cantilever structure 58 
shown in FIG. 4 demonstrates that it is possible to produce stable 2-dimensional, 
free-standing UNCD structures using modified Si fabrication technologies. The 
released UNCD cantilever structure 58 exhibits excellent lateral stability and almost 
no vertical displacement resulting from interfacial stress. 

Referring to FIG. 5, there is shown in simplified schematic diagram form 
another embodiment of an UNCD sensor arrangement 64 in accordance with the 
present invention. As in the previously described embodiment, UNCD sensor 
arrangement 64 includes an UNCD cantilever element 66 connected in circuit to a 
limit electrode 68 by means of a voltage source 70 and an ammeter 72. In the 
embodiment shown in FIG. 5, voltage source 70 is in the form of a DC voltage 
source such as a battery. FIG. 6 is a graphic representation of the calculated field 
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emission current density J 1 as a function of the separation between UNCD 
cantilever element 66 and limit electrode 68. The field emission current density 
calculation shown graphically in FIG. 6 is based upon a Fowler-Nordheim analysis 
of measured UNCD data. 
5 Referring to FIG. 7, there is shown in simplified schematic diagram 

form still another embodiment of an UNCD sensor arrangement 76 in accordance 
with the principles of the present invention. UNCD sensor arrangement 76 includes 
an UNCD cantilever element 78 having a fixed, stationary end 78a and a free end 
78b. The fixed end 78a of the UNCD cantilever element 78 is attached to a support 
10 structure, such as a substrate as previously described, while the free end 78b is 
movable between first and second limit electrodes 80 and 82. By using two 
electrodes, in this case anodes, on either side of the UNCD cantilever element 78, 
the UNCD sensor arrangement 76 is capable of simultaneously measuring uniform 
acceleration, shock, and vibration, and with a slight modification, static pressure 
15 and atmospheric shock. A first DC voltage source 86 is connected between the 
first limit electrode 80 and the UNCD cantilever element 78. A second DC voltage 
source 88 is connected between the second limit electrode 82 and the UNCD 
cantilever element 78. The first DC voltage source 86 applies a voltage V1 
between the first limit electrode 80 and the UNCD cantilever element 78, while the 
20 second DC voltage source 88 applies a voltage of V2 between the second limit 
electrode 82 and the UNCD cantilever element. First and second ammeters 92 and 
94 measure the current respectively between the first limit electrode 80 and the 
UNCD cantilever element 78 and between the second limit electrode 82 and the 
UNCD cantilever element. The spacing between the UNCD cantilever element 78 
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and the first limit electrode 80 is given as D1 , while the spacing between the UNCD 
cantilever element and the second limit electrode 82 is given as D2. The quantity 
D1+D2 is fixed. A small AC modulation at a frequency w is applied to the UNCD 
cantilever element 78 by means of an AC voltage source 90. The currents J, and 
5 J 2 in the first and second circuits respectively including the first and second limit 
electrodes 80, 82 are respectively given as: 

J 1 =A(V 1 /D 1 ) 2 exp(-BD 1 A/ 1 ) (3) 
J 2 =A(V 2 /D 2 ) 2 exp(-BD2/V 2 ) (4) 
The parameters A and B have been measured for UNCD films. The total 
10 current collected by the first and second limit electrodes 80, 82 is shown graphically 
in FIG. 8 as a function of the ratio of D1/D2. As shown in FIG. 8, there is a wide 
dynamic range of both the input displacement D1/D2 and the measured current 
(J1+J2). Because of the symmetry of the applied voltage and the anode-cathode 
gap in the Fowler-Nordheim equation, there is a change in the anode voltage ratio 
15 V1/V2 that exactly matches any displacement of the UNCD cantilever element 78 
from equilibrium. If the V1/V2 ratio is tuned so that the electron emission currents 
to the two limit electrodes 80, 82 are equal when the UNCD cantilever element 78 
is at its equilibrium position, and a small modulation signal having a frequency w 
is applied to the UNCD cantilever element the total current (J1+J2) will be 
20 modulated at a frequency 2w as shown in FIG. 8. A static displacement of the 
UNCD cantilever element 78 from the equilibrium position will result in an output 
current with a frequency w. The phase of this signal will change by 180°, 
depending on the direction of displacement of the free end 78b of the UNCD 
cantilever element 78. The amplitude of the w signal as a function of UNCD 
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cantilever element displacement is shown graphically in FIG. 9. The 2oo signals 
and both phases of the u> signals can be independently detected using lock-in 
techniques. 

If the UNCD sensor arrangement 76 shown in FIG. 7 is subjected to 
5 symmetric time-dependent displacement, i.e., vibration, then all three signals, i.e., 
the 2u> signal and both phases of the u> signal, will be detected simultaneously and 
the amplitudes of the u) and -oo signals will be equal. If there is a component of 
unidirectional acceleration, then the u> and -u> signals will be unequal and the 
difference between them is a measure of the acceleration. The sensitivity for small 
10 static displacements can be improved further by using a feedback loop to adjust the 
V1/V2 ratio to equalize the go signals (and maximize the 2u> signal). The change 
in DC voltage ratio (V1/V2) required to restore the equilibrium condition (amplitude 
of +o> and -u> signals equal) can be related to the static displacement via the 
Fowler-Nordheim equation. 
15 If the UNCD device is subjected to a shock wave, then there will be an 

initial displacement in one direction, followed by a damped oscillation. Time- 
stamped sample and hold circuitry for measurement of the three signals can be 
used to determine the duration and intensity of the Shockwave. Finally, by allowing 
one of the anodes, e.g., the one at potential V1, to be positioned on a movable 
20 diaphragm, the device can be made sensitive to atmospheric pressure variations 
which will change D1 , but not D2. A device in accordance with this aspect of the 
present invention for measuring atmospheric pressure variations is shown in 
simplified schematic diagram form in FIG. 10. The UNCD pressure/shock wave 
sensor arrangement 104 shown in FIG. 10 includes an UNCD cantilever element 
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106 disposed between a first flexible membrane electrode 108 and a second limit 
electrode 110. As in the previously described embodiment, the UNCD 
pressure/shock wave sensor arrangement 104 further includes first and second DC 
voltage sources 1 12 and 1 14 and first and second ammeters 1 1 8 and 120. An AC 
5 voltage source 1 16 is connected to the UNCD cantilever element 106. The small 
size and high component stiffness of the UNCD pressure/shock wave sensor 
arrangement 1 04 provides extremely good high frequency response and good time 
resolution. 

As shown in FIG. 7, the free end 78b of the UNCD cantilever element 78 
10 may be formed with symmetric diamond tips 84a and 84b disposed in facing 
relation to the first and second limit electrodes 80, 82, respectively. The diamond 
tips 84a and 84b terminate in a very small radius of curvature, resulting in an 
enhancement of the electric field and a consequent reduction in the required values 
of V, and V 2 . The electrode spacings and D 2 are measured from the end of the 
1 5 diamond tip to the respective anode. 

In another application, the lower tip in FIG. 7 can be used as the probe 
of a scanning atomic force microscope (AFM). In this application, the lower 
electrode is replaced by the sample to be characterized, and the lower tip is 
brought into contact with the sample, and the V 2 power supply 88 is not used. The 
20 V 1 power supply 86, the cantilever element 78 and the upper electrode 80 form a 
single-sided field emission position sensor as shown in FIG. 5. The free end of the 
upper side of the cantilever element 78 may be flat as shown in FIG. 5, or formed 
with a sharp tip as shown in FIG. 7. This design permits the fabrication of an AFM 
as a single, compact, pre-aligned structure. 
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There has thus been shown an ultrananocrystalline diamond (UNCD) 
cantilever wide dynamic range acceleration/vibration/pressure sensor, and method 
of fabrication therefore, which can also be used as a precise, alignment-free 
readout of the cantilever deflection in atomic force microscopes. Cantilever 
5 deflection, and thus the extent of vibration, acceleration, and pressure, can be 
detected using either capacitative, interferometric or electron emission methods. 
Using the latter readout method, the entire UNCD cantilever structure and readout 
mechanism can be fabricated as a single, compact, pre-aligned structure capable 
of undergoing large displacements without breaking the cantilever element The 
10 sensor is highly sensitive over a wide dynamic range and is very small and 
compact in size making the sensor particularly adapted for use in micro electro 
mechanical systems (MEMS) and other devices. 

While particular embodiments of the present invention have been shown 
and described, it will be obvious to those skilled in the relevant art that changes and 
15 modifications may be made without departing from the invention in its broader 
aspects. Therefore, the aim in the appended claims is to cover all such changes 
and modifications as fall within the true spirit and scope of the invention. The 
matter set forth in the foregoing description in accompanying drawings is offered 
by way of illustration only and not as a limitation. The actual scope of the invention 
20 is intended to be defined in the following claims when viewed in their proper 
perspective based on the prior art. 
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The embodiments of the invention in which an exclusive property or privilege 
is claimed are defined as follows: 

1. A sensor for measuring an acceleration, vibration or pressure, said 
sensor comprising: 

a substrate having a general flat surface; 

an ultrananocrystalline diamond (UNCD) element having first and 
second opposed ends, wherein said UNCD element undergoes deflection from an 
equilibrium position in response to acceleration, vibration or pressure; 

a mounting member disposed between and coupled to said substrate 
and the first end of said UNCD element for attaching said UNCD element to said 
substrate in a cantilever manner, wherein the second opposed end of said UNCD 
element is deflected from said equilibrium position toward or away from said 
substrate in response to an acceleration, vibration or pressure; and 

detector means coupled to said UNCD element for measuring 
deflection of said UNCD element from said equilibrium position, wherein said 
deflection represents an acceleration, vibration or pressure experienced by said 
UNCD element. 

2. The sensor of claim 1 wherein said substrate is silicon and said 
mounting member is comprised of an electrical insulating material. 

3. The sensor of claim 2 where said electrical insulating material is a 
thermally oxidized silicon wafer. 

4. The sensor of claim 1 wherein said detector means comprises an 
optical apparatus for measuring the deflection of said UNCD element from said 
equilibrium position. 



0177694A1 IA> 



WO 01/077694 PCT/US01/11460 

18 

5. The sensor of claim 4 wherein said optical apparatus includes an 
interferometer for measuring a change in phase of a light beam incident upon the 
second end of said UNCD element. 

6. The sensor of claim 1 wherein said detector means comprises an 
electrical circuit coupled to said UNCD element and to said substrate for measuring 
a cold cathode electron emission current from said UNCD element generated in 
response to an acceleration, vibration or pressure. 

7. The sensor of claim 6 wherein said electrical circuit includes an AC 
voltage source and an ammeter. 

8. The sensor of claim 6 wherein said electrical circuit includes a DC 
voltage source and an ammeter. 

9. A sensor for simultaneously measuring acceleration, shock and 
vibration, said sensor comprising: 

an ultrananocrystalline diamond (UNCD) element responsive to 
acceleration, shock and vibration exerted thereon, wherein said UNCD element 
5 includes a first end fixedly mounted to a support member and a second opposed 
cantilever free end, and wherein said UNCD element undergoes deflection from an 
equilibrium position in response to an acceleration, shock or vibration exerted 
thereon; 

first and second electrodes connected in circuit with said UNCD 
10 element and disposed on opposed sides of the second free end of said UNCD 
element and respectively spaced distances D1 and D2 from said UNCD element; 
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first and second DC voltage sources for applying first and second DC 
voltages V1 and V2 and providing currents J1and J2 between said UNCD element 
and said first and second electrodes, respectively; 
15 an AC modulation source coupled to said UNCD element for applying 

an alternating voltage modulated at a frequency u> to said UNCD element; and 

circuit means for measuring a change in J1/J2 representing 
displacement of said UNCD element from said equilibrium position and a 
magnitude of an acceleration, shock and vibration exerted on said UNCD element. 

10. The sensor of claim 9 wherein said UNCD element is a cathode and 
said first and second electrodes are anodes in the circuit. 

1 1 . The sensor of claim 9 wherein the currents in said first and second 
electrodes are J, and J 2 , respectively, and wherein + J 2 is a function of the ratio 
ofD1/D2. 

12. The sensor of claim 11 wherein a change in the ratio of V1/V2 
corresponds to displacement of said UNCD element from said equilibrium position. 

13. The sensor of claim 12 wherein an amplitude of the alternating current 
modulated at the frequency w changes with a change in the ratio of D1/D2. 

14. The sensor of claim 9 further comprising a movable diaphragm 
attached to and supporting said first electrode for measuring atmospheric pressure 
variations. 

1 5. The sensor of claim 14 wherein said movable diaphragm is a flexible 
membrane. 

16. A method for fabricating an ultrananocrystalline diamond (UNCD) 
cantilever element on a substrate, said method comprising the steps of: 
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depositing a sacrificial release layer on the substrate; 

depositing an UNCD layer on said sacrificial release layer, 

depositing a hard mask layer on said UNCD layer; 

depositing photoresist on said hard mask layer and forming said 
photoresist in discrete, spaced deposits by photoetching; 

removing portions of said hard mask layer not disposed beneath said 
discrete, spaced deposits of photoresist so as to form discrete, spaced deposits of 
said hard mask layer, 

removing said discrete, spaced deposits of photoresist and portions 
of said UNCD layer not disposed beneath said discrete, spaced deposits of said 
hard mask layer so as to form discrete, spaced UNCD elements disposed on said 
sacrificial release layer; 

removing the discrete, spaced deposits of said hard mask layer 
disposed on respective discrete, spaced UNCD elements; and 

removing the sacrificial release layer disposed on the substrate for 
forming each of said discrete, spaced UNCD elements into a cantilever structure. 

17. The method of claim 16 wherein said sacrificial layer is a layer of Si0 2 
thermally grown on the substrate. 

18. The method of claim 17 wherein the step of depositing a hard mask 
layer includes depositing a layer of Si0 2 by means of plasma enhanced chemical 
vapor deposition on said UNCD layer. 

1 9. The method of claim 1 8 wherein the step of forming said photoresist 
in discrete, spaced deposits includes photolithographic patterning. 
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20. The method of claim 1 9 wherein the step of removing portions of said 
hard masked layer not disposed beneath said deposits of photoresist includes 
reactive ion dry etching. 

21 . The method of claim 20 wherein the step of removing said deposits 
of photoresists and portions of said UNCD layer not disposed beneath deposits of 
said hard mask layer includes plasma etching. 

22. The method of claim 21 wherein the steps of removing the deposits 
of said hard mask layer and said sacrificial release layer includes HF etching. 

23. A sensor for use in an atomic force microscope for measuring a 
surface topography of a specimen, said sensor comprising: 

an ultrananocrystalline diamond (UNCD) element having a first end 
fixedly mounted to a support member and a second opposed cantilever free end; 

a probe disposed on the second cantilever free end of said UNCD 
element for engaging a surface of the specimen, wherein said UNCD element 
undergoes deflection from an equilibrium position in response to displacement of 
said probe as said probe engages irregularities in the surface of the specimen; 

an electrode connected in circuit with said UNCD element and 
disposed on an opposite side of said UNCD element from the specimen; 

a DC voltage source for applying a DC voltage V1 and providing 
current J1 between said UNCD and said electrode; 

an AC modulation source coupled to said UNCD element for applying 
an alternating voltage modulated at a frequency u> to said UNCD element; and 
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circuit means for measuring a change in J1 representing displacement of 
said UNCD element from said equilibrium position and a change in the surface 
topography of the specimen. 

24. The sensor of claim 23 wherein said probe comprises an atomic force 
microscope tip disposed on a first side of the free end of said UNCD element and 
engaging a surface of the specimen, and said electrode is an anode disposed in 
facing relation to a second, opposed side of the free end of said UNCD element. 



FWSOOCtO<WO 0177S94A1 IA> 




BNS0OCID:<WO 0177694A1 IA> 



SUBSTITUTE SHEET (RULE 26) 



\ 



WO 01/077694 



PCT/USO 1/11460 



.2/7 




SUBSTITUTE SHEET (RULE 26) 



ni77fiQ4A1 IA> 



t 



WO 01/077694 



PCT/US01/11460 




SUBSTITUTE SHEET (RULE 26) 



WO 01/077694 



PCT/US01/11460 




Rucsnnrirv <-wn oi77«qaai i*> 



SUBSTITUTE SHEET (RULE 26) 



WO 01/077694 PCT/US01/11460 




RNSDOnn- <WO 0177694A1 IA> 



SUBSTITUTE SHEET (RULE 26) 



WO 01/077694 PCT/US01/11460 



6/7 





PNPXTCT.lt> <WO 0177fi94Al IA> 



SUBSTITUTE SHEET (RULE 26) 



WO 01/077694 PCT/US01/11460 



7/7 




RNSDOCin <WO 0177694A1 IA> 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Internationa! application No. 
PCT/US01/U460 



I A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) :GOlP 15/08; GOlL 7/08; GOlH 1/12; GOlB 5/28 
US CL :73/105, 514.25. 514.26, 51+.S6, 651, 72S; 438/52 
Accor ding to International Patent Classification (IPC) or to both national classification and IPC 

I B. FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 

U.S. : 73/105, 514.16, 514.25, 514.26, 514.27, 514.32, 514.36, 651, 653, 723. 724; 250/306; 438/20, 52 

I Documentation searched other than minimum documentation to the extent that such documents are included in the fields 

I Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
NONE 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



lx 

Y 

Iy 

I A 
A 



US 5,679,895 A (VON WINDHEIM) 21 October 1997 
(21.10.1997), col. 5, lines 1-3 and col. 6, lines 20, 32-34. 



US 5,886,265 A (CHATREFOU) 23 March 1999 (23.03.1999), col. 
1, lines 42-44. 

US 5,729,074 A (SfflOMI et al) 17 March 1998 (17.03.1998), Figs 
3, 6. 

US 5,453,628 A (HARTSELL et al) 26 September 1995 
(26.09.1995), see entire document. 

US 4,943,719 A (AKAMINE et al) 24 July 1990 (24.07.1990), col 
5, lines 7-17. 



1-3, 6, 8 



4, 5, 7, 9-13 
4,5 

7, 9-13 
16 

14, 15 
23, 24 



| [ Further documents are listed in the continuation or Box C. | | See patent family annex. 

taIef dpjumen, published after the international filing due or priority 
due and not in conflict with the application but cited to understand the 
principle or theory underlying the invention 



• 


Special categories of cited < 


locumcnts: 


"A" 


document defining the gene 
to be of particular relevana 


al state of the art which is not considered 


"E" 


earlier document published 


on or after the international filing date 


"L" 


document which may throv 
cited to establish the publ 
special reason (as specified 


v doubts on priority claim(s) or which is 
cation date of another citation or other 

) 


"O- 


document referring to an on 


J disclosure, use, exhibition or other means 


-r 


document published prior to the iniemational filing date but later than 
the priority date claimed 



"X" document of particular relevance; the claimed invention cannot be 

considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

"Y" document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 
23 AUGUST 2001 



Date of mailing of the international search report 

10 SIP 



Name and mailing address of the ISA/US 
Commissioner orPatents and Trademarks 
Box PCT 

Washinfcttin. O.C -iOii \ 
Facsimile No. (703) 305-3230 



Authorized officer 

JOHN E. CHAPMAN 
Telephone No. (703) 305-+920 



Form PCT/ISA/210 (second sheet) (July 1998)* 



ONC^nrtrv <wo o,77fi$uAt ia> 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/USOl/ 11460 



Box I Observations where certain claims were found unsearchable (Continuation of item 1 of first sheet) 
This international report has not been established in respect of certain claims under Article 17(i2)(a) for the following reasons: 

1. I I Claims Nos.: 

' — 1 because they relate to subject matter not required to be searched by this Authority, namely. 

2. pi Claims Nos.: 

' — * because they relate to parts of the international application that do not comply with the prescribed requirements to 
such an extent that no meaningful international search can be carried out, specifically: 

3. f 1 Claims Nos.: 

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 

Box II Observations where unity of invention is lacking (Continuation of item 2 of first sheet) 
This International Searching Authority found multiple inventions in this international application, as follows: 
Please See Extra Sheet 



1. nn As all required additional search fees were timely paid by the applicant, this international search report covers all 
^""^ searchable claims. 

2. As all searchable claims could be searched without effort justifying an additional fee. this Authority did not invite payment 
of any additional fee. ^ 

3. PI As only some of the required additional search fees were timely paid by the applicant, this international search report 

covers only those claims for which fees were paid, specifically claims Nos.: 



4. I | No required additional search fees were timely paid by the applicant. Consequently, this international search report 
— restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 



Remark on Protest The additional search fees were accompanied by the applicant's protest. 

| X| No protest accompanied the payment of additional search fees. 



Form PCT/ISA/210 (continuation of first sheet(l)) (July 1998)* 

RNSDOCID <WO 0177S94A1 IA> 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/USOl/ 11460 



BOX II. OBSERVATIONS WHERE UNITY OF INVENTION WAS LACKING 
This ISA found multiple inventions as follows: 

This application contains the following inventions or groups of inventions which are not so linked as to form a single 
inventive concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search 
fees must be paid. 

Group I, claims 1-15, drawn to a sensor for measuring acceleration, shock or vibration. 
Group II, claims l6-tf2, drawn to a method for fabricating a cantilever element on a substrate. 
Group HI, claims 23-2*. drawn to a sensor for use in an atomic force microscope. 

The inventions listed as Groups I, II and III do not relate to a single inventive concept under PCT Rule 13.1 because, 
under PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons: The 
sensors of Groups I and III are unrelated, since they are not disclosed as usable together and have difference modes of 
operation. The sensor of Group I comprises a UNCD element with a free end which is deflected from an equilibrium 
position in response to an acceleration or vibration, whereas the sensor of Group III comprises a UNCD element with 
a probe which is displaced from an equilibrium position by contact with the surface of a specimen. The method of 
Group II is not specially adapted for the manufacture of the sensor of Group I or Group III, since it is directed to 
manufacture of a cantilever element on a substrate and does not inherently result in the sensor of Group I or Group 
III. Note, for example, that the method does not recite a step of coupling a detector means to the UNCD element for 
measuring deflection of the UNCD element 



Form PCT/ISA/210 (extra sheet) (July 19£>«)* 

BNSDOCU><WO 0177694A1 IA> 



This Page is inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the 
original documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

BLACK BORDERS 
ft IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
j& FADED TEXT OR DRAWING 

□ BLURED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

ft COLORED OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REPERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ; 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning documents will not correct images 
problems checked, please do not report the 
problems to the IFW Image Problem Mailbox 



This Page Blank (uspto) 



